In this study, hydrophilic high-luminescent magnetic nanocomposites (LMNCs) composed of both fluorescent clusters (quantum dots, QDs) and magnetic nanoparticles were synthesized. The nanocomposites exhibited high luminescence and were easily separated in an external magnetic field. The LMNCs were capped with streptavidin (SA), and the SA on the surface of LMNC-SA composites was confirmed to be bioactive by competitive inhibition analytic methods. The fabricated LMNC-SA composites have potential application in biolabelling, bioseparation, immunoassay and pathogenic diagnosis.
Introduction
In the past decade, colloidal II-VI semiconductor nanocrystals, often referred to as quantum dots or QDs, have attracted the intensive attention of scientists in biomedical applications and fundamental studies due to their unique optical properties [1] [2] [3] .
Because of the strong band gap luminescence that is tunable by size as a result of the quantum confinement effect, QDs have marked advantages over traditional fluorescent dyes: they are more stable in photo-oxidation than organic dyes, have almost continuous excitation spectra above the threshold of absorption together with a strong, narrow, and symmetric emission band peak whose position depends on the particle size, and allow simultaneous excitation of many colours by a single narrowband excitation resource [4] [5] [6] [7] [8] [9] . QD applications in fluorescent labels for biology, light emitting diodes, photovoltaics, and biomolecular imaging are currently being pursued [10] . Magnetic nanoparticles (MNPs), e.g. Fe 3 O 4 , are additional important nanomaterials due to their interesting magnetic properties, and they have been sophisticatedly employed in many advanced technology areas [1, [11] [12] [13] . For instance, magnetic bead labelled biomolecules have been rapidly, conveniently, and efficiently separated in an external magnetic field [11] . MNPs have been used widely for cell sorting, sensing, and targeting therapy [14] . MNPs combined with QDs will develop into special functionalized luminescent magnetic nanocomposites, which have the advantages of both MNPs and QDs, and offer a novel chance for biomedical application [1] . Thus, highly luminescent QDs can serve as luminescent markers while MNPs can be manipulated under the external magnetic field. Therefore, the novel nanocomposites will broaden the scope of novel applications in biolabelling, bioseparation, immunoassay, targeting imaging and pathogenic detections [15, 16] .
The biotin-streptavidin system (BSA) has been broadly applied in immunoassays such as BSA-based immunohistochemistry, BSA-based enzyme immunoassay, BSA-based time-resolved fluoro-immunoassay, and BSA-based electrochemiluminescence immunoassay [17] [18] [19] [20] . In this paper we present a simple method to fabricate hydrophilic, highly luminescent magnetic nanocomposites (LMNCs) based on the connection of QDs flocculation and MNPs through charge interaction. We used streptavidin (SA) to modify LMNCs and fabricate streptavidin-capped LMNC (LMNC-SA) composites, and then investigated the bioactivity of SA on the surface of the LMNC-SA composite by using competitive inhibition analytic methods. To the best of our knowledge, there are few reports of direct synthesis of luminescent magnetic nanocomposites based on charge interaction. The fabricated LMNC-SA composite has potential applications in bioanalysis such as biolabelling, bioseparation, immunoanalysis and pathogenic detection.
Experimental details

Materials
Ferric chloride, ferrous sulfate, cadmium chloride, tellurium (reagent powder), and sodium borohydride were purchased from Fluka. Thioglycolic acid (TGA), 1-ethyl-3(3-dimethylamino-propyl)-carbodiimide hydrochloride (EDC), streptavidin (SA), biotin-horseradish peroxidase (B-HRP), and tetramethylbenzidine (TMB) were obtained from SigmaAldrich. All chemicals were used without further purification. Deionized water with a nominal resistivity higher than 18.2 M cm was produced by Barnstead E-Pure.
Synthesis of Fe 3 O 4 MNPs
Typically, a mixed aqueous solution of water (50 ml), ferric chloride (0.005 mol) and ferrous sulfate (0.0025 mol) were added into a 100 ml three-necked flask. Then sodium hydroxide solution (20 ml, 1.5 M) was added quickly into the flask under vigorous stirring for 20 min at 80
• C in a nitrogen atmosphere. The resulting black precipitates were separated from the solution by a permanent magnet, washed with water three times and redispersed in 20 ml water. The concentration of the solution was about 8 μM.
Preparation of CdTe QD flocculation
5 mmol of CdCl 2 was dissolved in 110 ml of water, and 12 mmol of TGA was added under stirring; this was followed by adjusting the pH to 11 by dropwise addition of 1 M NaOH solution. The solution was placed in a three-necked flask deaerated by N 2 bubbling for 30 min. Under stirring, 2.5 mmol of oxygen-free NaHTe solution was injected into the threenecked flask; this was freshly prepared from tellurium powder and NaBH 4 (molar rate of 1:2) in water at 0
• C. The resulting mixtures were refluxed at 100
• C for 4 h. The 3 nm diameter TGA-capped CdTe QDs emitted with a maximum wavelength around 560 nm and the concentration of the solution was about 16 mM. Certain volumes of CdTe solutions were adjusted to a pH of 3 by addition of 0.1 M HCl to obtain CdTe QD flocculation.
Fabrication of LMNCs
200 μl of the Fe 3 O 4 solution synthesized above was added to the CdTe QD flocculation, then the mixture was allowed to react for 30 min under vigorous stirring at room temperature. The nanocomposites were then collected by magnetic separation, followed by washing with water several times. Finally, they were redispersed in water and sonicated for 10 min.
Bioconjugation protocol
150 μl LMNCs redispersed in 300 μl borate buffer (BB), 300 μl EDC (44 mM in BB) and SA (1.3 mM in BB) were added and vortexed, then allowed to react for 3 h. The resulting LMNC-SA composites were then collected by magnetic separation, followed by washing with phosphatebuffered saline (PBS, 0.1 M, pH = 7.8) several times. 30 μl LMNC-SA composite was mixed with 50 μl SA standard solution of different concentration and 50 μl B-HRP, then allowed to react for 30 min, subsequently collected by magnetic separation, followed by washing with PBS (0.1 M, pH = 7.8) several times again. Then 100 μl TMB and 100 μl H 2 O 2 (0.03%) were added to react for 10 min and a blue solution was obtained. The UV-vis absorption at 630 nm was measured after magnetic separation.
Instruments and measurements
Zeta potentials of the samples were measured under different pH in air under room temperature with a Malvern Zetasizer 2000 using the electrophoretic mobility technique. Photoluminescence (PL) spectra were used to characterize the fluorescent properties; they were measured in 1 cm quartz in air at room temperature using a Perkin Elmer LS 55 spectrofluorimeter. The optical appearance of LMNCs was judged using a fluorescence microscope (Axiovert 100 M). The size determination of LMNCs was performed using a transmission electron microscope (TEM, JEM2010, at 200 kV). The chemical composition of LMNCs was determined by energy-dispersive x-ray (EDX) analysis. Magnetic characterization was performed using a superconducting quantum interference device (SQUID) magnetometer (PPMS-9 T) at 300 K.
Results and discussion
Zeta potential versus pH of nanoparticles and mechanism of formation of LMNCs
Generally, the combination of nanomaterials is via static electric interaction or covalent bonds, and the surface charge is crucial to the electrostatic interaction. The surface charges of the Fe 3 O 4 MNPs, CdTe QDs and LMNCs suspended in water were determined through electrophoretic mobility measurements; their zeta-potential values as a function of pH were as shown in figure 1. The CdTe QDs had negative charge while the MNPs had positive charge at pH < 7, so the pH value On the other hand, the carboxyl group on the surface of CdTe QDs could easily form complex chelating bidentate acetates with Fe ions of MNPs [21] and accelerate the fabrication of LMNCs. Figure 1 also shows that the LMNCs were negative in solution and had an isoelectric point of 2.6 (zeta = 0), which can cause particle aggregation [22] . Thus, the resulting LMNCs should be washed to prevent aggregation. So, the pH value of the system plays a key role in the course of the formation of LMNCs. Moreover, the LMNCs were stable in neutral water solution and physiological buffers; the magnetic and optical properties we detected still remain unchanged after four months.
Photoluminescence spectra
In order to obtain LMNCs, we finished the experiments with different molar ratio (from 0.1 to 2.0) of CdTe QDs to MNPs. As shown in figure 3 , the presence of MNPs in LMNCs strongly reduced the fluorescence intensity. Moreover, the fluorescence intensity varied almost linearly with the molar ratio. The decrease of the fluorescence intensity was very fast at low molar ratio, by almost one order of magnitude when the molar ratio was 0.4. Meanwhile, the fluorescence intensity tended to move towards a certain value when the molar ratio reached 2.0. This fluorescent intensity reduction was caused by the absorption of MNPs, the so-called QD dynamic or static quenching, because both the light used to excite the QDs (430 nm) and the light emitted by the QDs (with a maximum around 560 nm) were strongly absorbed by MNPs [14] , and almost reached equilibrium after the molar ratio reached 2.0; therefore the optimal ratio in our experiment should be from 0.4 to 2.0.
Magnetic and luminescence properties of LMNCs
The main motivation to fabricate LMNCs was to create multifunctional nanocomposites which can be controlled by an external magnetic field and detected by using their luminescence. As shown in figure 4 (left), LMNCs emitted bright luminescence under a fluorescent microscope and simultaneously aligned in parallel stripes under the control of an external magnetic field. The stripes appeared yellow under excitation because of the luminescence of the CdTe QDs. As shown in figure 4 (right), the darker particles were magnetic NPs (arrows), while the lighter parts were luminescent QDs, which directly demonstrated the combination of the QD flocculation with MNPs. The LMNCs were easily manipulated by an external magnetic field. As figure 5 shows, in the absence of an external magnetic field, the dispersion of LMNCs was evenly yellow under UV radiation (right). Under the external magnetic field, LMNCs were assembled, and then the solution became clear and transparent (left). After removal of the external magnetic field followed by vigorous stirring, the aggregations were rapidly redispersed evenly. The room-temperature magnetization curve (figure 6) shows a magnetic hysteresis curve for the LMNCs. This clearly indicates that the LMNCs maintained their superparamagnetic property at room temperature, reaching a saturation magnetization value (saturation magnetization, M s ) of 6.24 emu per gram of material. This low M s value was far less than the saturation magnetization of Fe 3 O 4 MNPs (M s = 54 emu g −1 ) used for the preparation of LMNCs. The reduction in M s value could be attributed to the lower density of the magnetic component 
Bioactivity of LMNCs
In order to explore potential applications of LMNCs, we selected the biotin-streptavidin system as the research target. Streptavidin-capped LMNCs (LMNC-SA composites) were prepared using a heterobifunctional cross-linking reagent EDC, and their bioactivity was detected by a competitive inhibition experiment. As shown in figure 7 , in the emission spectra of LMNCs and LMNC-SA, a blue shift of the fluorescence emission peak of LMNC-SA composite was observed compared to LMNCs. The carboxyl group on the surface of LMNCs covalently combined with the amino group of SA, and reduced the surface charge of LMNCs, decreased the polarization rate of the surrounding molecules and then reduced the Stokes displacement, finally resulting in a blue shift in the emission spectra. Meanwhile, the full width at half maximum (FWHM) of the LMNCs and LMNC-SA composite remained constant, which meant no aggregation happened to the LMNs in the labelling process. Figure 8 is the competitive inhibition standard curve of SA versus LMNC-SA composite reacting with biotin-horseradish peroxidase (B-HRP), which shows a good competitive inhibition relationship (SA concentration between 23 and 92 nM). Therefore the SA on the surface of LMNs was confirmed to be bioactive. Because of the specific binding between streptavidin and biotin, as-synthesized LMNC-SA composites can be broadly used in biomolecule labelling, cell separation and nucleic acid detection.
Conclusions
In conclusion, here we report a simple method to fabricate hydrophilic high-luminescence magnetic nanocomposites. The LMNCs have high luminescence and are easily separated from solution in an external magnetic field. The obtained LMNCs capped with SA have strong bioactivity to bind with biotin-conjugated biomolecules. The synthesized LMNCs and LMNC-SA composites possess great potential in application such as biolabelling, bioseparation, immunoassay, and pathogenic diagnostics, and provide new ideas for developing multifunctional nanocomposites for different applications.
